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Abstract
Purpose Brachytherapy is an option for treatment of breast
cancer in some cases. This modality requires patient-specific
dosimetry based on CT simulator scans. A 3D computer-
assisted breast brachytherapy treatment planning system
called Vision was developed and tested.
Methods The brachytherapy treatment planning system used
volume estimation and dose analysis with advanced 3D
visualization. The patient treatment volume reconstruction
was designed to ensure high-volume accuracy requirement
of radioactive seed implantation procedure for this treat-
ment. The system enables interactive placement of radioac-
tive seeds embedded in original patient CT images with 3D
display.
Results The system achieved 99.73 % accuracy in volume
estimation measured against the true volume and is statisti-
cally significantly more accurate than current existing com-
mercial software at the p = 0.05 level.
Conclusion A virtual 3D environment was developed to per-
form volume measurements, seed placements, and dose dis-
tribution planning and analysis based on 2D contours on
patient CT images. This system was demonstrated to be fea-
sible and accurate in a clinical setting.
Keywords Visualization · Breast brachytherapy ·
3D treatment planning system
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Introduction
Breast cancer is the most common type of cancer in Cana-
dian women [1,2]. Every year in Ontario, about 7,800 women
undergo surgeries to remove cancer from their breasts [3–
5]. Radiation therapy has been established as an effective
adjuvant therapy for breast cancer. With radiation therapy,
patients no longer need to undergo mastectomy to remove
the whole breast [6]. Instead, only a small part of the breast
needs to be removed, and the rest is treated by radiation ther-
apy. Lumpectomy and whole breast radiation achieve the
same survival rate as mastectomy, but offers much better
cosmetic results and improved health-related quality of life
[2,7,8]. Brachytherapy has emerged as a newer technique
that may offer similar control rates as whole breast radia-
tion with the additional benefits such as shorter treatment
days and improved convenience [9,10]. Another benefit of
brachytherapy for breast cancer treatment is that it has the
potential to overcome the problems associated with external
beam radiation therapy, such as burning of the skin [9–11].
In brachytherapy, radioactive sources are implanted directly
into the breast.
At the Toronto-Sunnybrook Regional Cancer Center, sev-
eral software packages for treatment planning were analyzed,
such as Pinnacle and Varian as well as some manual interven-
tion procedures [2,4,12]. Furthermore, several software solu-
tions for prostate cancer brachytherapy treatment were also
investigated [12]. These systems use ultrasound guidance
and have been shown to be very successful. However, these
techniques are not suitable for breast brachytherapy because
the nature of operation for breast is inherently different than
for other organs; furthermore, there are no existing software
solutions entirely suitable for this type of treatment [2,7].
Consequently, we sought out to design and build a system
to overcome these shortcomings for breast cancer brachyther-
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apy. A unique system is specifically tailored for breast can-
cer brachytherapy treatment planning. This 3D virtual sim-
ulation environment can be used for seed placement plan-
ning, dose analysis, seeds location and spacing examination,
modification, visualization, and position verification. This
paper presents a report on this new system called Vision
that was designed, developed, and refined for breast can-
cer brachytherapy treatment planning. Vision is based on
the technique of adjuvant partial breast irradiation, uses
103Pd permanent seed implants, and was developed at the
Toronto-Sunnybrook Regional Cancer Center [6]. The sys-
tem achieves 99.73 % accuracy in volume estimation mea-
sured against the true volume and is statistically significantly
more accurate than current existing commercial software at
the p = 0.05 level.
Literature review
Brachytherapy is one of the more well-known methods for
cancer treatment that involves placing radioactive sources
directly into or next to the area requiring treatment [13].
This enables clinicians to deliver a high dose with minimal
impact on surrounding healthy tissues. Brachytherapy has
been shown to be a highly successful treatment for cancers
of the prostate, cervix, endometrium, breast, skin, bronchus,
esophagus, and head and neck, as well as soft tissue sarcomas
and several other types of cancer [12–15].
Over the last decade, increasing numbers of breast can-
cer patients are being treated using interstitial radioactive
implants [4,12,15]. Systems have been created to assist in the
planning for brachytherapy treatments that provide a visu-
alization environments based on CT/MRI images [1,7,11,
13,16]. These systems provide doctors with an interactive
source layout function, including accurate and quick dosage
distribution calculation and dynamical 2D/3D display. These
systems also provide features such as data acquisition, regis-
tration, segmentation, image processing, 3D reconstruction,
and planning report output. Clinical practice has shown they
meet the therapeutic demands. However, in these systems,
there are deficiencies in the features of the treatment plan-
ning interface, validation, and verification modules and in
the accuracy of the volume calculation—particularly for the
breast treatment [4,12,13].
One of the more widespread systems used is GZP6—a
high dose rate (HDR) brachytherapy system [2]. In their
system, the interface deficiencies identified above were
addressed. Their system incorporates an improved treatment
planning visual interface component called CTPS [2]. The
authors claim that it is an essential component for evaluat-
ing the correctness of non-predefined treatments and is easy
use for medical staff [2]. Their system is limited; however,
in that, their system provides only a partial solution for the
planning breast treatments [2]. Other software systems exist
but do not allow for virtual planning [1,2,11,12].
In summary, general solutions for brachytherapy are
known; however, there are deficiencies in each of these sys-
tems (e.g., tools, planning modules, verification modules,
etc.) [1,2,4,11–13,15]. These existing solutions do not ade-
quately provide the full range of tools or support for oncolo-
gists to effectively and accurately treat breast cancer patients.
There is a need for a comprehensive solution for breast
brachytherapy. Such a system is presented in this paper. In
our system, called Vision, an entire 3D treatment planning
and verification solution are provided.
Methods
In the design and development of Vision, the following
method was used:
• reading CT data set, Region of Interests (ROIs), and RT
plans from Pinnacle;
• reslicing the CT data, ROIs, and RT to the oblique direc-
tion;
• reconstructing the volume with high resolution;
• computing volume interpolation for accurate target
volume measurement;
• simulating the fiducial needle and providing surgical
templates;
• facilitating radiation source editing by designing a cus-
tomized editor for managing 103Pd source model data;
• determining a template size for the seed implantation—
usually the template must cover the whole area of the
ROIs;
• superimposing the simulated template onto each image
that has ROIs along the gantry angle;
• providing an interface for placing needle/seeds based on
the superimposed template;
• calculating the radial dose distributions on the seeds
placed by computer simulation to avoid hot/cold spots
to ensure a uniform dose distribution that will cover the
entire Planned Target Volume (PTV) by adjusting source
activity and the number/position of needles/seeds;
• projecting the seeds back to the original image data set
for 3D viewing.
Data collection and processing
The data collection phase involves a CT scanner on which
the patient lies in prone position. The CT images are taken
around the chest region traveling in the direction from the
head to the feet. The Z spacing is 5 mm away from the breast
and 2 mm on the breast region. Oncologists manually deter-
mine the PTV, clinical target volume (CTV), and ISO center
123
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and a gantry angle on each slice around the cavity region
where the tumor was removed. The gantry angle is paral-
lel with the rib cage to protect needles from going through
the rib and lung region during the operation. The oblique
reslicing direction is perpendicular to the gantry angle. Seed
placement is carried out on the resliced images inside the
PTV contours that are reconstructed in the oblique direction.
The number of interpolations between two adjacent slices is
determined by the distance between them. For example, if
the distance is 5 mm, then four interpolations are computed.
Our interpolation method guarantees uniform unit spacing
between slices.
Reslicing images and ROIs
The reslicing task is done by projecting the data set on the
direction perpendicular to the gantry angle after applying
interpolation on the CT images and its ROIs. The new recon-
structed data can be described as follows:
• the X direction is parallel with the original Z direction
• the Y direction is same as the original Y direction with
an angle that is derived from the gantry angle.
From posterior to anterior:
• the Z direction parallel with the original X direction with
an angle equal to the gantry angle.
The total number of resliced slices is automatically calculated
using the ROIs size along the gantry angle and is described
by the following equation:
Total numberreslices =
(
ROI size along gantry angle
reslice thickness
)
+ 1
The original data set is recalculated from the view that the
gantry angle is specified by oncologist and is suitable for seed
placement procedure, see Figs. 1 and 2.
Volume interpolation
The interpolation component is designed to reconstruct
image data and treatment volumes from the original slice
thickness and spacing (can be any size) into 1 mm in spac-
ing. The reconstructed target volume is built from the new set
of contours—original plus interpolated contours. We assign
the spacing equal to the number of interpolations. Therefore,
Fig. 1 Vision’s reslice image calculations [8]
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Fig. 2 Vision’s reslice views:
original data (left), and
reconstructed from the left
image (right)
Fig. 3 Morphological interpolation process [17]
the new resolution is always equal to 1 mm. With 5 mm spac-
ing between two adjacent slices, four interpolated images and
contours are created to achieve 1 mm of unit spacing.
When creating interpolation contours, two types of inter-
polation process are encountered, overlapped and intersected
types. The intersect type is that one contour is inside the other;
the overlapped type is that one contour partially inside the
other. The interpolation contour is the dividing line that is
equally dividing the region between two contours when only
one interpolation is required. Figure 3 describes the mathe-
matical operation for deriving the dividing line.
Probability function for volume interpolation
When 2D contours are used to define treatment volumes, a
partially subjective process is underlined [18]. The accuracy
of volume definition depends on numerous image parame-
ters such as the contrast to noise ratio and the signal-to-noise
ratio. The subjective process and imaging parameters might
cause inaccurate target volume creation. The volume defin-
ition using 2D contours is especially difficult at the edges
of the target because of the partial volume effect that is
related mostly to the image slice thickness [18]. A low inter-
and intra-observer reproducibility was reported in different
clinical studies, mainly because of the subjective and objec-
tive factors [18]. Consequently, a probability function was
designed in Vision to study the partial volume effect of the
volume definition caused by the 2D contouring method. The
function is presented below using 26 for the total number of
voxels in the neighborhood:
P = number of voxels in the target volume
26
The function is able to measure how many voxels belong to
PTV in the neighborhood of current voxel. When the entire
neighborhood of the current voxel belongs to the target vol-
ume, the probability value (output of the probability func-
tion) is 1; otherwise, it is 0. If part of the neighborhood
voxels is inside the target volume and part is outside of the
target volume, the probability value is between 0 and 1. A
threshold value can be set for the probability function. The
treatment volume is made up of all the voxels whose neigh-
borhood probability value is greater than the threshold. When
the threshold value is larger, the estimated volume is smaller
(more neighborhood voxels are excluded from the target vol-
ume), see Fig. 4. The volumes generated using this probabil-
ity function is more accurate than other methods when the
threshold is set to 0.5.
Radiation source configuration in vision
Task Group 43 (TG-43) from the American Association
of Physicists in Medicine (AAPM) is currently used at
the Toronto-Sunnybrook Regional Cancer Center [6]. Other
kinds of radiation seeds (also called radial sources) can be
used as radiation sources [6]. The radial sources are simulated
by following AAPM TG-43 guidelines for brachytherapy to
calculate dose distribution on different radiation sources. A
source editor interface allows the user to input the radiation
source and dose distribution charts. Currently, [103Pd (2335)
Best] is used for breast cancer brachytherapy [18].
Virtual template implementation
Two templates guiding the insertion of needles loaded with
seeds are simulated in Vision. A fiducial needle used to
hook the surgical cavity, which is then attached to a tem-
plate that guides the insertion of needles, is also simulated.
123
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Fig. 4 Volume refinement uses our 3D probability function; the sharp edges are removed with a degree that matches probability setting
Template
Fiducial Needle
Ultra sound
Surgery scar
Fig. 5 Seed implantation
Figure 5 shows the simulated template. Following image
shows a real-time implantation operation using a needle one
of the templates.
Seed placement planning and dose distribution analysis
interface
Vision provides an accurate, fast, and easy-to-use interface for
seed placement on resliced CT data. Source placement spac-
ing calculation in both 2D and 3D and dose volume histogram
(DVH) is available. After seeds are placed on the resliced CT
data set, a 3D view with the seeds can be generated for intu-
itive seed spacing analysis. This is a unique feature of Vision
that does not exist among commercial brachytherapy treat-
ment planning software systems. This virtual 3D environ-
ment displays the seeds in the original data set that provides
an intuitive viewing environment. Figure 6 shows an example
of the 3D volume rendering.
Source editor: an interface for seed placement and dose
calculation
Vision’s source editor provides an interface that allows
sources to be input and used. Currently, 103Pd (2335) Best
is used for breast cancer brachytherapy. Figure 7 shows an
example of source placement editing in 2D and 3D and its
dose volume histogram (DVH). The dose at a particular point
is calculated by summing the dose of all the seeds that affect
the point. 103Pd (2335) Best seed is a cylindrically symmetric
source, and dose distribution is a two-dimensional and can
be described in terms of a polar coordinate system with its
origin at the source center where r is the distance to the point
of interest and q is the angle with respect to the long axis of
the source.
The dose rate, P(r, θ), at point (r, θ ) can be written as
follows:
P(r, θ) = S
[
G(r,θ)
G(ro,θo)
]
g(r,θ)
k , where
r is the distance to the point of interest, θ is the angle
with respect to the long axis of the source, Sk is air kerma
strength of the source;
[
G(r,θ)
G(r0,θ0)
]
g (r) F(r, θ) is dose rate
constant, G(r, θ) is geometry factor, g(r) is radial dose func-
tion, F(r, θ) is anisotropy function.
Reslice back with virtual seeds
One method of verifying the plan is by projecting the vir-
tual implants back to their original data set. This innovative
feature of our Vision system allows oncologists to view the
implant position and spacing in 3D intuitively. In addition,
Vision enables seed placement results to be viewed and vali-
dated.
Results
We have tested the system using more than 30 data sets of
breast cancer patients selected from the Toronto-Sunnybrook
Regional Cancer Center after breast cancer treatment. Three
phantom data sets were also tested.
The dose distribution calculation is performed in real time
while seeds are added. After seed implantation, 3D viewing
of target volume containing all the placed seeds is displayed.
The reslice calculation is also verified by projecting the image
back to its original scanned direction. Our 3D reconstruction
algorithm performs volume interpolation because of the non-
uniform resolution of the scanned data sets. Normally, the
in-plane (X–Y ) resolution of a data set is greater than the
out-of-plane (Z ) resolution. This difference can range from a
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Fig. 6 Virtual seed display on
both patient’s PTV and CTV
with random placed seeds
Fig. 7 Vision’s user interface. Seed placement in 2D and 3D and dose volume histogram (DVH)
factor of 2–10. Our volume interpolation algorithm in Vision
is able to adjust the number of interpolations between two
slices automatically and then interpolate accordingly (see
Fig. 8). The result spacing and thickness are always a unit of
1 mm between slices. Mathematical morphology operation
for medial axis finding [17] and level set method [19,20] are
employed in the interpolation process.
Our volume estimation method produces 99.73 % accu-
racy on sphere phantom data sets. When the probabil-
ity threshold of volume estimation method is set to 0.5,
the volume estimation gives the highest accurate vol-
ume estimation result. The result was compared with the
Pinnacle system (Philips Medical imaging system). A statis-
tically significant accuracy improvement on volume estima-
tion was achieved (99.38 % from 92.38 % at the
p = 0.05 level). The true volume for this sphere phantom is
Fig. 8 Plain target treatment volume 3D view, without interpolation
(left), and with interpolation (right)
as follows: 22.45 cm3 (diameter = 3.5 cm, volume = 4π333= 22.45 cm3). When using the interpolation method, more
123
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Table 1 Volume estimations using patient CT data sets using different methods (in cm3)
Case no. Pinnacle No interpolation Interpolation Reslice without
interpolation
Reslice with
interpolation
1 10.01 9.66 8.78 9.86 8.85
2 32.59 32.52 28.83 26.90 28.30
3 13.15 12.64 10.89 13.02 10.86
4 16.69 16.01 13.90 15.74 13.65
5 11.28 10.60 9.53 10.67 9.48
6 4.09 3.86 3.49 4.08 3.70
7 4.12 3.89 3.31 4.01 3.30
Table 2 Volumes (in cm3) and reconstructed volumes after reslice by our method with interpolation and without interpolation on phantom object
with known volume (22.45 cm3)
Pinnacle No interpolation Interpolation Reslice without interpolation Reslice with interpolation
24.16 24.23 23.13 24.34 22.61
0
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m
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Volume Comparison: no interpolation, 
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Fig. 9 Volume output from existing software, with and without the interpolation method, and pinnacles’ output (left graph). Volumes comparison:
no interpolation, interpolation, reslice no interpolation, and reslice with interpolation (right graph)
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Fig. 10 Phantom volume estimation: a comparison of several meth-
ods: pinnacle, no interpolation, interpolation (on original slices), reslice
without interpolation, and reslice with interpolation
consistent volume estimation output is achieved. Our inter-
polation method provides the most accurate volume estimate
as depicted in Fig. 9. Table 1 shows the testing results for
seven data sets. The volume output from the existing com-
mercial software overestimated the true volume (see Table 2;
Figs. 9, 10).
Conclusions
This paper described Vision, a 3D computer-assisted treat-
ment planning system we developed for breast cancer
brachytherapy treatment. The system was developed using
mathematical theories for accurate volume estimation and
dose analysis, as well as advanced 3D visualization tech-
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nologies. The patient treatment volume reconstructed by a
method developed in this project significantly improved the
accuracy from existing methods and guarantees the high-
volume accuracy requirement of radioactive seed implan-
tation procedure for this treatment. The Vision system is a
virtual 3D environment that allows radiation oncologists to
perform volume measurement, seed placement, and dose dis-
tribution planning and analysis based on a set of 2D contours
on patient CT images. Vision is able to embed placed seeds
on original patient CT images and displayed in an institu-
tive 3D environment that can be easily manipulated by the
oncologist.
Using our 3D neighborhood probability function to esti-
mate the treatment volume, we were able to rectify the redun-
dant voxels located outside of the target region and min-
imize the discrepancies in volume definition by 2D man-
ually contouring between adjacent slices. In this research
project, advanced mathematical theories were researched and
applied, such as mathematical morphology theory, partial dif-
ferential equations, probability statistics, and mathematical
modeling. Our system achieves 99.73 % accuracy in volume
estimation measured against the true volume and is statisti-
cally significantly more accurate than current existing com-
mercial software at the p = 0.05 level.
Future work will focus on automatic source seed place-
ment that could be adjusted by an oncologist if necessary.
The purpose of this work was to optimize the seed place-
ments such that radial dose distributions will be uniformly
distributed over the entire PTV to avoid hot/cold spots. This,
in turn, will assist an oncologist by minimizing the number
of seeds required and potentially increasing the effectiveness
of the treatment.
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